Abstract-Electric conductivity variations of hydrogenated amorphous silicon due to self-ion irradiation, i.e. irradiation with Si or H ions, are comprehensively investigated. The anomalous enhancement of dark conductivity (DC) and photoconductivity (PC) are firstly observed due to proton irradiation in the cases of undoped and n-type a-Si:Hs, and after that both decrease with increasing the irradiation fluence. However, Si ion irradiation does not induce the anomalous enhancement and induce a monotonic decrease in DC and PC in the low fluence regime. It is shown from the Seebeck effect analysis that the anomalous enhancement is caused by generation of donor-centers which have metastable nature at room temperature. The decrease in DC and PC is ascribed to the carrier removal effect and the carrier lifetime decrease accompanied by accumulation of dangling bonds, respectively. However, further irradiation causes the loss of photoconduction and the drastic increase in DC. This indicates that the dominant conduction mechanism changes from the band transport to the hopping transport due to excessive accumulation of dangling bonds. The change in the dominant conduction mechanism occurs at above about dpa (displacement per atom) and is independent of the majority carrier concentration before irradiation. It is concluded that the conductivity variations caused by self-ion irradiation can be systematically categorized according to the ratio of the nuclear energy deposition to the electronic energy deposition of incident ions.
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I. INTRODUCTION
W ITH the development of high energy physics and space technologies, semiconductor devices used in accelerator facilities and space satellites are required to have high radiation tolerance. Radiation effects on many kinds of semiconductor materials have been extensively studied for the sake of the research and development of radiation-hardened semiconductor devices [1] , [2] . Since hydrogenated amorphous silicon (a-Si:H), which are used as a material for photoelectric devices, are known to have high radiation tolerance [3] , a-Si:H devices (e.g. photo detectors, particle detectors, and space solar cells) are expected to be utilized in severe radiation environments [4] , [5] . With respect to radiation effects on electrical properties of a-Si:H, the electron irradiation studies based on the comparison with the Staebler-Wronski (SW) effect have been mainly performed for decades [6] - [9] .
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In addition to this, studies on self-ion irradiation effects, i.e. silicon (Si) ion and proton irradiation effects, are also crucial for the application of a-Si:H devices in neutron fields such as plasma observation equipments for fusion reactors and photo-sensors in nuclear power plants [5] . Since space solar cells degrade due to exposure of electrons and protons, knowledge about the electron irradiation effects as well as the proton irradiation effects are especially important for the application to space thin film a-Si solar cells [10] . In spite of these facts, self-ion irradiation effects on electrical properties of a-Si:H are still unclear and only a few reports have been published. For instance, Coffa et al. have reported that electric conductivity of a-Si:H thin films increased with increasing a fluence of 2.0 MeV Si ions because of the enhancement of the hopping transport due to accumulation of radiation defects [11] . On the other hand, Kishimoto et al. have reported that the electric conductivity increased about two orders of magnitude due to 17 MeV proton irradiation and have concluded that this phenomenon was caused by the formation of shallow electronic states based on the electronic excitation effect of incident protons [12] . They have also discussed the metastable balance between formation and annihilation of the electronic states, indicating that the conductivity variation was not determined by a simple accumulation of deep-level radiation defects. Both results cannot be simply ascribed to the same phenomena when taking into account the fact that 2.0 MeV Si ions and 17 MeV protons have much different ratio of nuclear and electronic energy depositions (stopping powers), and also a consistent interpretation of the increase in conductivity has not been obtained by both research groups.
Generally, radiation defects in semiconductors hinder the band conduction which is the main mechanism of electric conduction. This is because the radiation defects generate localized levels in the bandgap and they act as carrier recombination centers [13] . This results in the decrease in carrier lifetime and photoconductivity (PC). The majority carrier concentration and the dark conductivity (DC) also decrease when the radiation defects compensate donor or acceptor levels as deep-levels [14] . Hence, it is obvious that the results of self-ion irradiation reported from Coffa et al. and Kishimoto et al. cannot be explained by such a general interpretation of radiation effects on semiconductors only. However, if the radiation defects act as donor or acceptor levels, the value of DC does not always decrease monotonically. For example, ion irradiation converts germanium semiconductors from n-to p-type [15] and the Czochralski-grown Si, which has relatively high oxygen impurities, from p-to n-type [16] . Furthermore, when the radiation defects accumulate excessively due to high dose irradiation, 0018-9499/$31.00 © 2013 IEEE the drastic increase in the density of states in the bandgap may result in a loss of the band conduction. The conductivity variation of a-Si:H due to irradiation is determined by what kinds of levels the accumulated radiation defects act as. Therefore, variations of the semiconductor properties in a wide range of irradiation fluence should be clarified in order to elucidate the role of radiation defects. It is also necessary for practical use of radiation-hardened a-Si:H devices to understand the variation of the electric conductivity in radiation environments.
Against this background, we have investigated DC and PC variations of a-Si:H thin films irradiated with energetic ions and revealed the fluence dependence for undoped a-Si:H [17] and for doped (n-type and p-type) a-Si:H [18] . Variations of PC of undoped a-Si:H irradiated with protons as well as the thermal stability and the temperature dependence were clarified in [19] . In addition, the mechanism of radiation-induced conductivity (RIC) in undoped and n-type a-Si:Hs was elucidated in [20] . However, these previous works have focused on the ion irradiation effects in the fluence regime less than dpa (displacement per atom). In this study, the fluence range to be investigated is extended to 1 dpa and the electric transport transition from the band transport to the hopping transport is found. In order to investigate the variations of DC, PC, and thermoelectric power (Seebeck coefficient) due to self-ion irradiation, in-situ measurement techniques are used. In-situ techniques are very useful for investigating variations in a wide range of irradiation fluence continuously and relaxation phenomena of the radiation effects. Metastability of the radiation effects after irradiation is also discussed. Moreover, the relations among the electric property variation, the hydrogen concentration variation, and the hydrogen bonding state variation are discussed from the results of infrared absorption spectroscopy. As a result, including the previously obtained results, a comprehensive and systematic interpretation of electric conductivity variations of a-Si:H films due to self-ion irradiation are successfully obtained in the very wide fluence range from dpa to 1 dpa. This interpretation can be applied to both undoped and doped a-Si:Hs. In addition, the physical application limit for a-Si:H photoelectric devices is clarified by analyzing the photosensitivity variations due to self-ion irradiation.
II. EXPERIMENTAL
The samples used in this study were device-grade undoped, n-type (phosphorous doped) and p-type (boron doped) a-Si:H thin films fabricated on glass substrates by plasma enhanced chemical vapor deposition (PECVD) at the National Institute of Advanced Industrial Science and Technology (AIST). The excitation frequency was 13.56 MHz. The substrate temperature during deposition and the gas flow rates were 180 C and SiH H sccm for undoped samples, 195 C and SiH H sccm for n-type samples, and 200 C and SiH H B H sccm for p-type samples, respectively ( and B H are 5,000 ppm mixtures with hydrogen balance gas). The sample structure is shown in Fig. 1 . Interdigitated type and coplanar type aluminum Ohmic electrodes were formed on the samples for conductivity measurement and for thermoelectric power measurement, respectively. All the samples were previously light-soaked using a metal halide lamp to stabilize their electrical properties. The sample thicknesses, the hydrogen concentration, and the conductivity are listed in Table I .
The samples were irradiated with 10 MeV and 0.10 MeV protons, and 2.8 MeV Si ions at room temperature (RT) and their conductivity variation as a function of irradiation fluence was investigated in-situ in an irradiation vacuum chamber. The Seebeck coefficient variation due to 0.10 MeV proton irradiation was also investigated in-situ. Ion irradiation was performed at the Takasaki Ion Accelerators of advanced Radiation Application (TIARA), Japan Atomic Energy Agency (JAEA). A raster beam scanning system was used for uniform irradiation of the whole area of a sample. The fluctuation of beam uniformity was estimated to be within 5%. The projected ranges of all the ions are larger than thickness of the a-Si:H film and deposit their energy almost uniformly through the film, according to the Monte Carlo simulation code, TRIM [21] . Thus, no passivation by the implanted hydrogen atoms of dangling bonds in the a-Si:H films is expected. In the TRIM calculation, 2.3 mass density and 11.6% hydrogen concentration were used for the undoped a-Si:H. These values were experimentally determined by using Rutherford backscattering spectroscopy (RBS) and elastic recoil detection analysis (ERDA). The default values of displacement energy installed in TRIM were used: 15 eV for Si and 10 eV for H. Electronic energy deposition , nuclear energy deposition , , fluence per unit dpa , and projected range of ions in the undoped a-Si:H are listed in Table II . Table II vary depending on the displacement energy [22] . However, this effect is sufficiently small and does not affect the discussion and the conclusions in this study.
The current-voltage characteristics of the samples were measured in-situ in the irradiation chamber. In-situ measurement was performed under dark conditions for DC and under light illumination for PC. The light spectrum and intensity were AM-0 (Air Mass zero) and 136.7 mW/cm (1 sun), respectively. The light fluctuation was estimated to be within 0.5%. Hereinafter, DC is defined as the conductivity measured under dark conditions and PC is defined as the difference between the DC and the conductivity under light illumination. The voltage sweep range was from 10.0 V to 40.0 V (from 0.500 to 2.00 kV/cm) and the conductivity was derived from the slope of characteristics. Ion beams were stopped by a shutter during measurement and the irradiation was resumed after completion of the measurement. Details of the experimental setup are described in [19] .
The variation of majority carrier concentration due to ion irradiation can be clarified by analyzing variations of both the electric conductivity and the Seebeck coefficient. The in-situ thermoelectric power measurement system was installed in the irradiation chamber to investigate the Seebeck coefficient variations of the undoped and n-type a-Si:Hs due to 0.10 MeV proton irradiation. The Seebeck coefficient was derived from the ratio of the thermoelectric power divided by the temperature difference. The temperature difference was around 20 K. The electric potential difference (thermoelectric power) between the electrodes and the temperature difference were measured by an electrometer and K-type thermocouples, respectively. The proton beams were stopped by a shutter during measurement and the irradiation was resumed after completion of the measurement. Details of the experimental procedure are described in [22] . Fig. 2 shows typical characteristics before and after self-ion irradiation. When the conductivity was very high, the voltage sweep range was limited to less than 40.0 V because of a current compliance in the measurement system (see the dotted line in Fig. 2(b) ). Almost linear characteristics were obtained in most cases, indicating that a good Ohmic contact was formed. In particular, almost linear characteristics were always obtained in the case of doped a-Si:H. In contrast, super-Ohmic (convex downward) characteristics were sometimes obtained in the undoped a-Si:H, which are shown as examples in Fig. 2(a) . Such a convex downward shape was seen when the conductivity was drastically increased due to 10 MeV proton irradiation, although it was not necessary to be considered. Here, it should be noted that the electric conductivity of a-Si:H depends on electric field and the field-enhanced conductivity is observed under high electric field (usually around kV/cm) [23] - [25] . Although the applied electric field in this study was sufficiently lower than that (less than 2.00 kV/cm), radiation effects on the electric-field dependence are unclear and the super-Ohmic shape observed in Fig. 2 (a) may result from it. However, the effects contribute little to the obtained results. In all cases, the approximate line was derived from the obtained characteristics by the least squares approximation and the conductivity (DC and DC+PC) was calculated from the slope of the line. Fig. 3 shows DC and PC variations of the undoped a-Si:H irradiated with 10 MeV protons. A unit of fluence cm can be converted into a unit of dpa and the abscissa axis in the upper part is scaled by dpa. The PC value, which was S/cm before irradiation, increased with increasing the irradiation fluence and reached a maximum of S/cm at the fluence of cm . However, the decrease in PC was observed at above cm and the PC value at above cm became smaller than the value before irradiation. The DC value varied more drastically due to irradiation. The DC value, which was S/cm before irradiation, increased with increasing the fluence and reached a maximum of S/cm at cm . The peak fluence corresponded to that of PC. The DC value decreased with increasing the fluence above cm . In general, both the DC and PC for semiconductor materials decreased due to radiation, which is discussed in Section IV-A. Hereinafter, the increase in both DC and PC observed in the low fluence regime is called anomalous conductivity enhancement. of cm and after that decreased with increasing the fluence (Regime A). However, the increase in DC was observed again at above the fluence of cm , whereas the PC continued to decrease (Regime B). Eventually the DC became larger than the PC at the fluence of cm . The DC continued to increase with increasing the fluence and no photoconduction was observed in this fluence regime (Regime C). In other words, deriving from the difference between the DC and the conductivity under light illumination (DC+PC), the PC value could not be found when the difference was negligibly small. Hereinafter, the fluence regimes A, B, and C are occasionally represented as the low, middle, and high fluence regimes, respectively.
III. RESULTS

A. DC and PC Variations Due to Self-Ion Irradiation
The DC and PC variations of the undoped a-Si:H due to 2.8 MeV Si ion irradiation are shown in Fig. 5 . In this case, the anomalous conductivity enhancement was not observed in the low fluence regime and the decrease in DC and PC appeared up to the fluence of cm (Regime B). The increase in DC was observed at above this fluence whereas the PC decreased. The photoconduction was eventually lost at above cm (Regime C).
B. DC and PC Variations Immediately After Irradiation
Both the anomalous conductivity enhancement in the low fluence regime and the increase in DC in the high fluence regime gradually decayed with time at RT. Time decay of the anomalous conductivity enhancement is depicted in Fig. 6 . Both the DC and PC values of the undoped a-Si:H were measured periodically in the irradiation chamber after irradiation with 10 MeV protons of cm . As a result, both conductivities decreased exponentially with time, retaining higher values than the values before irradiation. Fig. 7 shows the DC decay with time of the undoped a-Si:H after irradiation with 0.10 MeV protons of cm . As is the case with Fig. 6 , the DC decreased exponentially with time, retaining a higher value than the value before irradiation. Also, no photoconduction was found in this time region.
The conductivity variation of a-Si:H with time are known to be represented as the stretched exponential model [26] : (1) where , , and denote the conductivity (S), the elapsed time after irradiation (s), and the time constant (s), respectively. is the power index which is a value from 0 to 1. Both the anomalous conductivity enhancement and the increase in DC in the high fluence regime could be fitted by (1), although no physical meaning was included in the value of . The fitting results are shown in Figs. 6 and 7. Values of the parameters: and are also shown in the figures. However, the value of should be equivalent in order to compare the time constant. The bold line in Fig. 7 represents a fitting result when the value of was 0.21, which was equivalent to that in Fig. 6 . When comparing the time constant , the time decay of the anomalous DC enhancement (3.3 s) was about two orders lower than that of the increased DC in the high fluence regime . This indicates that the anomalous DC enhancement decayed more rapidly than the increased DC in the high fluence regime, and thus, their DC increases are based on different origins. No Seebeck effect was observed in the undoped a-Si:H without irradiation and also after the irradiation of cm . However, the Seebeck coefficient of 0.97 mV/K was observed after the irradiation of cm . The Seebeck coefficient reached a maximum ( 0.48 mV/K) at cm . The negative Seebeck effect was observed up to the fluence of cm . The Seebeck effect could not be observed again at above cm because of high noise, which was due to low conductivity of the sample. The Seebeck effect could be observed in the fluence regime in which the anomalous conductivity enhancement was observed (see Fig. 4 ). The Seebeck coefficient of the n-type a-Si:H which was 0.23 mV/K before irradiation slightly increased up to the fluence of cm and after that decreased with increasing the fluence. The Seebeck coefficient was 0.42 mV/K at the fluence of cm . As the variations of the Seebeck coefficient due to irradiation are thought to be mainly attributable to the variations of majority carrier concentration, they are correlated with the conductivity variations.
C. Seebeck Coefficient Variation Due to Proton Irradiation
IV. DISCUSSION
A. Electronic Transport Transition From Band Conduction to Hopping Conduction
In this section, we clarify the mechanism of PC and DC variations due to self-ion irradiation. First of all, a general interpretation of conductivity variations of semiconductor materials exposed to radiations is briefly mentioned. Subsequently, the mechanism of the PC and DC variations of a-Si:H is discussed.
DC and PC of semiconductors, and are represented as follows:
where is the elementary charge, is the majority carrier mobility cm , and denotes the majority carrier concentration cm . Also, , , and denote the photo-excited carrier concentration cm , the carrier lifetime (s), and the carrier generation ratio cm , respectively. In the case of undoped a-Si:H, the electron mobility is sufficiently larger than the hole mobility and (3) is always applicable although the dependence of PC with the carrier generation ratio generally depends on the excitation intensity [21] .
Next, variations of DC and PC of semiconductor materials due to radiations are considered. When exposed to radiations, structural disorders such as atomic displacement and defect creation are produced in semiconductor materials because of the displacement damage effect. Radiation defects act as a carrier recombination center and provide a decrease in carrier lifetime . They create deep levels near the intrinsic Fermi level and also may provide a decrease in majority carrier concentration of impurity-doped semiconductors by compensating the donor or acceptor levels. This is called the carrier removal effect [27] . Since the carrier scattering mechanism does not change in the low fluence regime (e.g. less than dpa in the case of c-Si [14] ), the carrier mobility is considered as a constant. The carrier generation ratio can also be considered unchanged for radiation exposure. Hence, the decrease in PC and DC is mainly provided by the carrier lifetime decrease and the carrier removal effect, respectively.
As shown in Figs. 3 and 4 , the anomalous conductivity enhancement in the low fluence regime was observed in the case of 10 MeV and 0.10 MeV proton irradiations. This cannot be explained by the carrier lifetime decrease and the carrier removal effect, and thus a different mechanism should be considered. The proton-irradiated undoped a-Si:H showed the negative Seebeck effect only in the low fluence regime, as shown in Fig. 8 . The Seebeck coefficient of an n-type semiconductor is negative and a p-type is positive. The fact of emergence of the negative Seebeck effect suggests that the conduction type of undoped a-Si:H was n-type in its fluence regime. Since the DC increases with increasing the donor concentration, the increase in DC is attributed to the generation of donor-centers due to proton irradiation. Also, the PC of n-type a-Si:H is higher than that of intrinsic one, and thus the increase in PC occurs with the increase in DC [28] . However, the generated donor-centers decrease or are compensated with time at RT, which are clarified in Fig. 6 . These metastable phenomena could be clearly detected by using in-situ measurement techniques. Fig. 9 shows the DC, PC, and Seebeck coefficient variations as a function of the electronic energy deposition density. The electronic energy deposition density is defined as the product of the electronic energy deposition (eV/cm) and the fluence of incident radiation cm . As a result, the fluence regime in which the anomalous conductivity enhancement was observed was in accordance with that in which the negative Seebeck effect was observed. This result strongly suggests that the donor-center generation, which causes the increase in DC and PC, is associated with the electronic excitation effect of incident protons. The relationship between the energy deposition process and the anomalous conductivity enhancement is described in detail elsewhere [17] .
On the other hand, the DC and PC values of undoped a-Si:H which increased in the low fluence regime decreased with further irradiation. The decrease in DC and PC observed in the middle fluence regime is thought to be due to the carrier removal effect and the decrease in carrier lifetime accompanied by the accumulation of radiation defects which produce deeplevels, respectively. Well known radiation defects in a-Si:H are dangling bonds and several previous studies have reported that the dangling bond density increased from cm to above cm due to radiation exposure [29] . In the middle fluence regime, the generated donor-centers were compensated by the dangling bonds or disappeared by some effects of further irradiation [22] , and the dangling bonds were exclusively accumulated with increasing the fluence. The decrease in Seebeck coefficient of n-type a-Si:H in the fluence regime between cm and cm is also attributed to the carrier removal effect, which causes the decrease in majority carrier concentration. In fact, the DC of n-type a-Si:H decreased due to 0.10 MeV proton irradiation in this fluence regime. It was shown in our previous work that the majority carrier concentration decreased due to irradiation, whereas the carrier mobility did not change according to the Hall measurement [18] . However, the increase in DC was observed again at the fluence above cm in Fig. 4 and above cm in Fig. 5 , whereas the PC continued to decrease and became negligibly small at above cm in Fig. 4 and at above cm in Fig. 5 . This is because the dangling bonds which are excessively accumulated do not necessarily simply provide the deep-levels. The reason is explained as follows.
The electric conduction in a-Si:H is dominated by the transport of thermally excited carriers near the mobility edge (band transport). Deep-level defects act as localized states and interrupt the band transport. However, when radiation defects are excessively accumulated due to irradiation and the density of lo-calized states increases, a number of electrons which occupy the localized states increases whereas a number of electrons which cross over the mobility edge of the extended states decreases. The former electrons contribute to the electric conduction by hopping between the localized states. This is called the hopping conduction. For instance, the electric conduction of a-Si:H at low temperature is dominated by the hopping transport, since the number of the latter electrons decreases and the number of the former electrons becomes relatively large at low temperature [30] . Also, the hopping conduction is dominant in hydrogen-free amorphous silicon (a-Si) at RT, in which the dangling bond density is usually around cm [31] . In that case, the number of the former electrons is much larger than that of the latter one and thus the contribution of the band conduction is relatively small. It would appear that a similar situation occurred in the ion-irradiated a-Si:H in the high fluence regime (e.g. above cm in Fig. 4 and above cm in Fig. 5) . Namely, the increase in DC and the disappearance of photoconduction strongly indicate that the band conduction was lost and the hopping conduction became dominant due to the excessive accumulation of dangling bonds: In other words, the change in dominant electric conduction mechanism from the band transport to the hopping transport occurred in the high fluence regime. Carriers excited by light illumination do not transport the mobility edge and little photoconduction occurs when the hopping conduction is dominant. The PC decreases with increasing fluence and becomes negligibly small in the high fluence regime, whereas the DC increases due to the increase in the hopping transport. However, the excessively accumulated dangling bonds can be annealed at RT and the DC based on the hopping conduction gradually decrease with time, which are shown in Fig. 7 . Unfortunately, the microscopic nature of excessively accumulated dangling bonds is not clear despite that studies on photothermal deflection spectroscopy (PDS) and electron spin resonance (ESR) have been performed in order to investigate the detail of radiation defects in a-Si:H [6] , [32] . The monotonic increase in dangling bonds and no unique spectrum originating from the radiation defects have been found at present. However, it is known to be relatively stable dangling bonds which are different from the light-induced dangling bonds [33] . We have also observed the stable dangling bonds which were never thermally annealed. The undoped a-Si:H irradiated with 0.10 MeV protons at cm was annealed at 423 K for 4 hours in nitrogen atmosphere, and as a result, the value of PC only recovered to 7% of the initial value. Consequently, there are at least two kinds of dangling bonds in the irradiated a-Si:H. One is the reversible dangling bonds which are the same one generated by light-illumination (the SW effect). The other is the stable dangling bonds which are not thermally annealed and it is unique to radiation irradiation. The decrease in hopping conduction immediately after irradiation, shown in Fig. 7 , is thought to be due to the decrease in density of reversible dangling bonds. The difference of stability may originate from bonding states of the neighboring atoms. Fig. 10 shows DC variations of the undoped, n-type, and p-type a-Si:Hs irradiated with 2.8 MeV Si ions. Variation of DC of the undoped a-Si:H irradiated with 0.10 MeV protons are also shown in Fig. 10 . The abscissa axis is converted from flu- Fig. 10 . DC variations of the undoped, n-type and p-type a-Si:Hs due to self-ion irradiation. The abscissa axis is scaled by dpa. ence to dpa. The DC of the undoped a-Si:H slightly decreased up to around dpa and after that increased dramatically. The DC of the n-type and p-type a-Si:Hs decreased up to around dpa and after that also dramatically increased. It is noteworthy that all the DC variations aligned at above dpa. This means that the DC value at above dpa is independent of the dopant concentration before irradiation and only depends on the dpa value. That is, the donor and acceptor levels are almost completely compensated by the deep-level defects (dangling bonds) in this fluence regime and the hopping conduction increases with accumulating dangling bonds. The fact that the increase in DC based on the enhancement of the hopping conduction could be scaled by a unit of dpa strongly indicates that the accumulation of dangling bonds is attributed to the displacement damage effect of incident ions.
The DC and PC variations due to ion irradiation can be systematically categorized according to the ratio of the nuclear energy deposition to the electronic energy deposition of incident ions. Fig. 11 shows a general representation of DC and PC variations of undoped a-Si:H due to irradiation. Firstly, in the case of ions with small such as 10 MeV protons, the anomalous conductivity enhancement appears in the low fluence regime whereas the increase in DC and the disappearance of PC are never observed in the high fluence regime. Thus, only the variations in the fluence regime A appear due to irradiation and their conductivity variations are saturated in the high fluence regime (see fine lines in the figure). Since the dangling bond generation process is dominated by the displacement damage effect based on and the net dangling bond density is determined by a balance between defect creation ratio of incident ions and thermal annealing of defects, irradiation of ions with small ratio does not produce a dangling bond density enough to be dominated by the hopping conduction. Accordingly, the dangling bond density is saturated in the regime B. It is believed that this is also applicable in the case of high energy electron irradiation. On the contrary, in the case of ions with large such as 2.8 MeV Si ions, the anomalous conductivity enhancement is not observed. This is because the conductivity decrease caused by the accumulation of dangling bonds is more dominant than the conductivity enhancement caused by the donor-center generation. Only the decrease in DC and PC is observed up to the middle fluence regime and after that the increase in DC is observed while the photoconduction is lost in the high fluence regime. These variations are simply caused by the accumulation of dangling bonds. Therefore, it is concluded that only the variations in the regimes B and C appear and the variations in the regime A are not observed in the case of ions with large . However, both effects of the donor-centers and the dangling bonds appear in the case of ions with intermediate between them such as 0.10 MeV protons. Namely, all the variations from the regime A to the regime C (the anomalous conductivity enhancement in the low fluence regime, the decrease in DC and PC in the middle fluence regime, and the increase in DC and the disappearance of PC in the high fluence regime) clearly appear. We anticipate that the conductivity variations of a-Si:H due to any charged particle irradiation follows the principle described here.
Finally, variation of the majority carrier mobility which governs the electric conduction is discussed. Although the mobility variation due to irradiation was not experimentally investigated in this study, it is possible to discuss it qualitatively. As explained earlier, the electric conduction is dominated by the free carriers near the mobility edge and the free carrier mobility hardly changes due to irradiation in the fluence regime A. With enhancing the hopping transport in the fluence regimes B and C, the band transport is undermined mainly because of the carrier removal effect. Since the electric conductivity (DC) governed by the hopping transport is also represented as the product of elementary charge, carrier mobility, and hopping site density, which basically equals to (2) . The enhancement of DC is thought to be mainly caused by the increase in hopping site density accompanied by the increase in localized density of states (dangling bonds). However, the hopping mobility has the potential to increase due to irradiation. The hopping mobility, is represented as follows [34] : (4) where the average distance among hopping sites, the phonon frequency, the Boltzmann's constant, the tem- Fig. 12 . Photosensitivity variations of the undoped, n-type and p-type a-Si:Hs due to self-ion irradiation. The abscissa axis is scaled by dpa.
perature, the extension of the electron wavefunction (the localization length), and the average hopping energy. , , and vary as a function of the energy level of hopping sites . With increasing the dangling bonds due to irradiation, the average distance with neighboring dangling bonds decreases, and thus, decreases. Assuming is regarded as the variable in (4), reaches its peak at . It means that the hopping mobility increases with decreasing the average hopping distance because of nm [25] and thus, . Therefore, not only the increase in hopping site density, but also the increase in hopping mobility may contribute to the drastic enhancement of DC in the fluence regime C. To explore this point, further study such as time-of-flight (TOF) measurement [35] and the analysis of temperature dependence [23] , [36] , [37] is required.
B. Application Limit for a-Si:H Photoelectric Devices
One of the most important electric properties for photoelectric devices is the photosensitivity, which is the amplification factor of electric conductivity by light illumination. In this study, the photosensitivity, is defined as the following equation:
(5) Undoped a-Si:H has a high photosensitivity above . However, both the carrier lifetime and the PC decrease due to the accumulation of radiation defects, and as a result the photosensitivity decreases with increasing ion fluence. Eventually the photosensitivity is close to 1 in the high fluence regime, which means the loss of photoconduction. Since the application limit of a photoelectric device is primarily determined by the photosensitivity degradation, the photoelectric device cannot be applied in such a radiation environment. Fig. 12 shows photosensitivity variations of the undoped, p-type and n-type a-Si:Hs irradiated with 0.10 MeV protons or 2.8 MeV Si ions. The abscissa axis is converted from fluence to dpa. The photosensitivity of the undoped a-Si:H, which was above before irradiation, decreased with increasing ion fluence and eventually became 1 at dpa. On the other hand, the photosensitivity of the p-type and n-type a-Si:Hs, which were 3.6 and 1.4 before irradiation respectively, slightly increased with increasing 2.8 MeV Si ion fluence and had a peak at dpa. The peak value was around 9 in both cases. Since the ratio of decrease in PC was lower than that in DC, in other words, the ratio of decrease in carrier lifetime was lower than the ratio of decrease in dark majority carrier concentration due to the carrier removal effect, the increase in photosensitivity appeared. However, the values of photosensitivity decreased at above dpa and became 1 at dpa as was the case with the undoped a-Si:H. Since the electric conduction was dominated by the hopping transport at above dpa, photo-excited carriers could not be transferred by the band conduction and no photoconduction appeared in this fluence regime.
It can be concluded from these results that a physical application limit for a-Si:H photoelectric devices in radiation environments is dpa. However, the application limit fluence will be higher at higher temperature conditions when considering that the radiation damage in a-Si:H can thermally recover even at RT (see Fig. 7 ).
C. Hydrogen Bonding State Change Due to Self-Ion Irradiation
As mentioned in Section IV-A, the dominant electronic transport mechanism changes from the band conduction to the hopping conduction in the fluence regime of around dpa, and its transition is based on the drastic increase in localized states between the mobility edges. Here, variation of the hydrogen concentration due to ion irradiation is discussed for the purpose of considering the possibility of the increase in hopping transport due to dehydrogenation.
Hydrogen-free a-Si has a very high dangling bond density (above cm ) and the electric conduction is mainly dominated by the hopping transport of carriers via localized states. However, hydrogenation results in the drastic decrease in dangling bond density (less than cm ), since hydrogen atoms terminate the dangling bonds in a-Si. The decrease in dangling bond density provides the decrease in hopping transport and the increase in band transport. Consequently, hydrogen atoms are an essential element for a-Si:H semiconductors and the hydrogen concentration strongly affects the electrical properties. Hence, if ion irradiation induces the hydrogen emission from the surface and the decrease in hydrogen concentration, the dominant conduction mechanism may change from the band transport to the hopping transport. Since most of hydrogen atoms in a-Si:H are bonded to Si atoms [38] , the hydrogen concentration is correlated with the infrared absorption due to Si-H vibrations. The variations of hydrogen concentration and the bonding state due to ion irradiation was investigated using the Fourier transform infrared spectroscopy (FTIR). The samples were undoped a-Si:H films which were formed on double-polished c-Si substrates. The film thickness was 0. 30 and the deposition condition was the same as that described in Section II.
A typical infrared absorption spectrum of device grade a-Si:H has two hydrogen related absorption bands: the wagging-rocking mode at cm and the stretching mode at 2000-2100 cm , which are respectively named the vibrational modes involving H motions [39] . The absorption band of the stretching mode centered at cm is attributed to isolated monohydrides, Si-H. The stretching mode centered at cm is associated with the clustered monohydrides, as well as polyhydrides, and . Hereinafter, the former and the latter are represented as the isolated hydrogen and the clustered hydrogen, respectively. Each hydrogen concentration can be derived from the deconvolution of the stretching modes using the Gaussian function [40] . Assuming that the hydrogen concentration of a mode is proportional to the integrated absorption , the total hydrogen concentration can be calculated as follows: (6) where and represent the wavenumber cm and the absorption coefficient cm , respectively. is the proportionality factor cm . In this study, we used cm for the 2000 cm mode and cm for the 2100 cm mode, which were derived from the comparison of the integrated absorption to the absolute hydrogen concentration experimentally obtained from ERDA. These values are close to the values proposed by Amato et al. [41] . The absorption coefficient was calculated by the method of Brodsky, Cardona, and Cuomo (BCC method) [42] , [43] . In the BCC method, multiple reflections in both the front surface and the back surface of sample are considered, whereas the refection at the interface between a-Si:H film and c-Si substrate is ignored. Also, the refractive index of a-Si:H film is assumed to be the same as that of c-Si substrate. Then, the following relationship between the absorption coefficient, and the transmittance of a-Si:H film, is obtained:
where the film thickness (cm) and an empirically determined interface multiple reflection loss. The value of is derived from the following equation: (9) where , , and is the transmittance of sample, the transmittance of c-Si substrate, and the baseline correction to remove interference effects, respectively. The sum of a quartic function and a trigonometric function was used for [44] . Assuming the absorption-free transmission of c-Si substrate, and thus are derived. Therefore, (7) can be rewritten as follows: (10) However, it is known that a large error is included in the relatively low wavenumber and it can be corrected by the following equation:
The absorption coefficient in (7) and (10), is rewritten to " " in (11) . The error in absorption coefficient is usually less than 10% [43] . Fig. 13 shows variation of the absorption coefficient for the stretching modes due to 0.38 MeV Si ion irradiation at the fluence of cm . The broad absorption peak appeared between 1900 cm and 2200 cm could be deconvoluted into two peaks by the Gaussian function (the solid and dotted lines in Fig. 13 ): the strong absorption peak centered at 2000 cm and the relatively weak absorption peak centered at 2100 cm . Hence, most of bonded hydrogen atoms were isolated and a little was clustered, indicating that the quality of the samples were high (that is, "device-grade"), since the clustered hydrogen is widely believed to deteriorate the photoelectric properties [31] , [45] . It was derived from the absorption spectrum in Fig. 13(a) and (6) that the isolated hydrogen concentration before irradiation was 9.8 at.% and the clustered one was 1.8 at.%. The hydrogen concentration (at.%) was calculated by using cm for Si atomic concentration in the a-Si:H. After irradiation with 0.38 MeV Si ions, the increase in absorption peak at 2000 cm and the decrease in absorption peak 2100 cm were observed. The results also showed that the isolated hydrogen increased to 10.7 at.% and the clustered hydrogen decreased to 1.0 at.%. This is thought to be due to the "mixing effect" of ion irradiation. That is, the clustered hydrogen atoms were dispersed (intermixed) because of a significant atomic rearrangement by energetic ions, and as a result, they were isolated [46] . Fig. 14 shows variations of the hydrogen concentration in the undoped a-Si:H due to 0.38 MeV Si ion irradiation. The isolated hydrogen concentration increased and the clustered hydrogen concentration decreased with increasing fluence although the sum of them was constant. This result indicates that the clustered hydrogen atoms were isolated by the mixing effect and the total hydrogen concentration did not change up to 0.31 dpa. Here, it should be noted that the recovery effect was expected to be included somewhat in these results, since the FTIR measurement was not performed in-situ. As shown in Figs. 6 and 7, radiation effects can be reversed with time after irradiation at RT. Therefore, when taking into account the recovery effect, a part of the hydrogen atoms isolated due to irradiation were possibly clustered again and the mixing effect might be underestimated. However, the total hydrogen concentration was not affected by the recovery effect after irradiation. If the hydrogen atoms or molecules were released from the surface, and as a result, the total hydrogen concentration decreased, the total hydrogen concentration would never be reversed by the annealing effect. Fig. 15 shows variations of the hydrogen concentration in the undoped a-Si:H due to 0.20 MeV H ion irradiation. One H ion with energy of 0.20 MeV is equivalent to two protons with energies of 0.10 MeV and the same radiation effect was expected. In this case, most of 0.20 MeV H ions were implanted in the c-Si substrate and the total hydrogen concentration increased with increasing fluence. Assuming that the implanted hydrogen atoms were contained in the a-Si:H film, the apparent increase in hydrogen concentration due to the implanted hydrogen atoms could be derived (Gray triangles in Fig. 15 ). The increase in total hydrogen concentration was in good agreement with the increase in the implanted hydrogen atoms. This result indicates that the increase in total hydrogen concentration at the fluence above was caused by the implanted hydrogen atoms. However, the clustered hydrogen concentration (closed circles) decreased from 1.8 to 1.4 at.% at the fluence of cm dpa and increased at cm dpa although the isolated hydrogen concentration constantly increased with increasing the fluence. This is thought to be because the implanted hydrogen atoms were clustered in the high fluence regime (around cm ), whereas the clustered hydrogen atoms in the a-Si:H film were isolated by the mixing effect of ion irradiation, as is the case in Fig. 14 .
When comparing the results of Fig. 4 with Fig. 15 , it is found that the increase in DC based on the increase in the hopping transport arose at the fluence above cm dpa although no change in the hydrogen bonding state was produced in that fluence regime. In addition, no decrease in hydrogen concentration due to ion irradiation was detected in the fluence regime investigated in this study. This fact was also confirmed by ERDA. Therefore, it is concluded that the transition from the band conduction to the hopping conduction is caused by the large accumulation of dangling bonds and also the transition of electric conduction occurs in the fluence regime of around dpa. It has also been reported that DC of hydrogen-free a-Si irradiated with MeV-Si ions increased with increasing the fluence and the increase in DC was attributed to the increase in the hopping transport accompanied by the accumulation of dangling bonds [11] . This fact suggests that the similar DC variations occurs in a-Si and a-Si:H regardless of hydrogenation in the high fluence regime despite that the hydrogenation play a crucial role in passivating the dangling bonds.
V. CONCLUSION
Electric conductivity variations of a-Si:H due to self-ion irradiation as functions of ion species, ion energy, and irradiation fluence were investigated in detail. As a result, the comprehensive and systematic interpretation as for the conductivity variations was successfully obtained.
From the results of 10 MeV proton and 0.10 MeV proton irradiations, it was shown that DC and PC of the undoped a-Si:H increased with increasing the proton fluence in the low fluence regime, and had a peak at around . It was also shown from the Seebeck effect analysis that the increase in DC and PC was attributed to donor-center generation via the electronic excitation effect of incident protons. This conclusion is in consistent with the report by Kishimoto et al. [12] . However, further irradiation induces the decrease in DC and PC because of accumulation of dangling bonds, which result in both the carrier removal effect and the decrease in carrier lifetime. Furthermore, it was found from the results of 0.10 MeV proton irradiation and 2.8 MeV Si ion irradiation that only the DC increased with increasing the fluence in the high fluence regime above dpa, whereas the photoconduction was lost. This indicates that the dominant electric conduction mechanism changes from the band transport to the hopping transport due to the excessive accumulation of dangling bonds. This conclusion is in consistent with the report by Coffa et al. [11] . The increase in DC due to enhancement of the hopping transport is independent of the majority carrier concentration before irradiation and the hydrogenation which provide the decrease in the dangling bond density. In addition to the increase in hopping site density, the increase in hopping mobility may contribute the enhancement of hopping transport. The accumulation of dgangling bonds is mainly caused by the displacement damage effect. These conductivity variations due to self-ion irradiation, which include both the anomalous enhancement and the transition from the band transport to the hopping transport, can be systematically categorized according to the ratio of the nuclear energy deposition to the electronic energy deposition of incident ions. Additionally, both the donor-centers appeared in the low fluence regime and the dangling bonds accumulated in the high fluence regime are metastable at RT and gradually decay with time.
